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A MAGNETIC TRAP WITH A STRONGMAGNETIC FIELD 

Y e .  S. Borovik, F. I. 'Busol, V. A. Kovalenko, 
V. B. Yuferov, Y e .  I. Skibenko 

Description of a method of i n j e c t i n g  in t ense  beams 
of f a s t  n e u t r a l  hydrogen atoms i n t o  a magnetic t r a p  by 
ionizing a po r t ion  of t h e  atoms wi th  t h e  a i d  of a s t rong  
magnetic f i e l d .  
and maintaining a superhigh vacuum and of c rea t ing  an 
i n j e c t o r  of f a s t  n e u t r a l  hydrogen atoms can be solved by 
using low-temperature techniques. A desc r ip t ion  is given 
of t h e  magnetic system and parameters of a new magnetic 
t r a p ,  t h e  vacuum chamber of the t r a p ,  and of var ious com- 
ponents of t h e  hydrogen-atom i n j e c t o r .  

It i s  shown t h a t  t h e  problem of achieving 

One of t h e  poss ib l e  methods of c r ea t ing  a ho t  plasma i n  magnetic t r a p s  
i s  t h a t  of i n j e c t i n g  in t ense  beams of f a s t  n e u t r a l  hydrogen o r  deuterium atoms, 
some of which may be captured i n  the  working volume of t h e  t r a p  because of 
i on iza t ion .  
and Sweetman (Ref. 1, 2) experimentally demonstrated t h e  f e a s i b i l i t y  of ioniz- 
ing exc i t ed  hydrogen atoms by powerful e lec t r ic  o r  magnetic f i e l d s .  
measurements of t h e  f r a c t i o n  of ionized atoms, i t  followed t h a t  e f f i c i e n c y  of 
fast  i o n  capture  i n  t h e  t r a p  by t h i s  process may b e  several orders  higher  than 
capture  e f f i c i e n c y  by ion iza t ion  i n  r e s idua l  gas a t  pressures  of the o rde r  of 
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I n t e r e s t  i n  t h i s  i n j e c t i o n  method arose e spec ia l ly  a f t e r  Riviere 1422 

From 

N/m2. 

I n  conformity wi th  these  new da ta ,  w e  decided i n  t h e  middle of 1962 no t  

= 2 ml** i n  t h e  
t o  f i n i s h  assembling t h e  GVL-1 magnetic t r a p  schematically described i n  
(Ref. 3 ) ,  designed t o  operate  a t  magnetic f i e l d  values  of B 

cen te r ,  b u t  t o  produce a new t r a p ,  t h e  GVL-2, d i f f e r i n g  from t h e  GVL-1 c h i e f l y  
i n  t h e  i n t e n s i t y  of t h e  magnetic f i e l d .  

0 

From published works on the  ion iza t ion  of exc i t ed  hydrogen atoms by 
electrical  and magnetic f i e l d s ,  i t  is  known t h a t  t h e  port ion of ionized atoms 
increases as t h e  f i e l d  grows l a r g e r ,  and does so e spec ia l ly  r ap id ly , a s  f o l l  w s  
from t h e  f ind ings  of Kaplan e t  a l .  (Ref. 4) i n  t h e  region of (1 - 2.5) x 10 
kV/m. It would, t he re fo re ,  be delusory t o  b u i l d  a t r a p  i n  whose center t h e  
magnetic f i e l d  exceeded 10 m l  during an adequate per iod of t i m e .  

8 

The experience amassed i n  our  laboratory i n  producing powerful magnetic 
f i e l d s  i n  c o i l s  r e f r i g e r a t e d  t o  low temperatures (Ref. 5 - 8) i n d i c a t e s  t h a t  
t h i s  problem is  q u i t e  so lub le  f o r  any reasonable t r a p  volume, when t h e  proper 
power Sources are present .  
s m a l l  power sources (capaci tor  b a t t e r y  of capacitance C = 1.75.10-2 f and 

* 
** Note: m l  designates  M a x w e l l .  

Having at our d i sposa l ,  however, only comparatively 

Numbers i n  t h e  margin i n d i c a t e  pagination i n  t h e  o r i g i n a l  foreign text. 
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vol tage  U = 5 kV, and a b a t t e r y  of 100 automobile s torage  b a t t e r i e s  with a 
t o t a l  emf of 1200 V) and having se lec ted  an i n t e r n a l  t r a p  diameter of t h e  
order  of 5 cm and a pulse  length of t he  order 1 sec ,  w e  thus predetermined a 
maximum a t t a i n a b l e  f i e l d  i n  t h e  center  of a s i n g l e  c o i l  of about 10 m l .  With- 
out dwelling on t h i s  i n  g rea t e r  d e t a i l ,  s ince  these  quest ions a r e  c l a r i f i e d  i n  

f i e l d  and t i m e  values  may be  derived only because t h e  c o i l s  are r e f r i g e r a t e d  
t o  a low temperature. The use of low-temperature technology, as w e  w i l l  see 
below, a l s o  permits successfu l  so lu t ion  of t h e  problems of achieving and main- 
t a in ing  a superhigh vacuum and of c rea t ing  a f a s t  n e u t r a l  hydrogen atom in jec-  
t o r .  
l e t  us remark t h a t  t h e  vacuum system and i n j e c t o r  of t he  GVL-1 t r a p  l i e  a t  
t h e  bas i s  of t h e  GVL-2. If necessary,  the GVL-2 could be converted i n t o  t h e  
GVL-1, o r  i n t o  a t r a p  with o ther  parameters simply by replacing t h e  magnetic 
f i e l d  c o i l s .  We would l i k e  t o  add t h a t  even now, desp i t e  t h e  s m a l l  diameter 
of t h e  t r a p ,  i n  i n t e n s i t y  of t he  magnetic f i e l d  produced, f o r  i ts rad ius  it 
is  only s l i g h t l y  i n f e r i o r  t o  the  "Ogra"* (Ref. 10) .  

b a separa te  a r t i c l e  (Ref. 9 ) ,  w e  would l i k e  t o  note  merely t h a t  t h e  respec t ive  

I n  proceeding t o  descr ibe  t h e  design and b a s i c  u n i t s  of the  6VL-2 t r a p ,  

Description of Apparatus 

Figure 1 gives  a diagram of the f i r s t  vers ion of t h e  GVL-2 t r a p  which i s  
present ly  i n  operation. The bas i c  un i t s  of t h e  t r a p  are t h e  magnetic system 

or  t r a p  proper 1, vacuum j a c k e t  2 with 
evacuation equipment and i n j e c t o r  of 
f a s t  n e u t r a l  hydrogen atoms cons is t ing  

I of source 3 ,  recharge chamber 4 ,  and 
chamber 5 f o r  receiving t h e  beam of 
n e u t r a l  p a r t i c l e s  which have passed 
through t h e  whole system without ioniza- 
t ion .  

similar devices already described i n  t h e  
Diagram of t he  Device -- l i t e r a t u r e  (Ref. 1, 2) ,  i n  which t h e  hot  
Cross Section Along the  p lasma is  a l s o  created by i n j e c t i n g  f a s t  
Axis of t h e  In jec ted  n e u t r a l  hydrogen atoms i n t o  t h e  t r ap .  
P a r t i c l e  Beam. However, t he  approach t o  so lv ing  t h e  

basic engineering problems i n  our case 
and i n  t h e  mentioned papers is  essen- 

t i a l l y  d i f f e r e n t .  Therefore, when describing the u n i t s  in the  GVL-2 t r a p  we 
w i l l  dwell  p r inc ipa l ly  on the  f ea tu res  of new engineering so lu t ions .  

I 

The diagram of our device does 
Figure 1 not ,  i n  p r i n c i p l e ,  d i f f e r  from those of 

Magnetic System and Trap Parameters. The magnetic system of t r a p  GVL-2 
I c o n s i s t s  of two series-connected c o i l s  made of ordinary copper w i r e  of PBD 

grade 1.81 mm i n  diameter,  with the  winding parameters 

a, = 2.5 CM; u = 4,3; p = 4,4; B = 2,l - lo-*]. 

1423 

* Trans la to r s  Note: Soviet  thermonuclear mir ror  machine. 
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Here a is t h e  i n s i d e  rad ius  of t h e  

winding; a and B are t h e  conventional 
2 b 

designations f o r  t h e  r a t i o s  - and - 
(a2 and b are i n s i d e  rad ius  and ha l f  of 

winding length,  r e spec t ive ly ) ;  and B ( i n  
ml) i s  t he  f i e l d  i n  the  center  of a s ingle  
c o i l  a t  cur ren t  I i n  amperes. 

1 

a 

al al 

Figure 2 schematical ly  shows the  
c o i l  design and mutual c o i l  arrangement. / 4 2 4  
The windings of c o i l s  1 are continuous 
and s o l i d  with a space f a c t o r  of A = 0.6 Figure 2 

and number of t u rns  N i n  each c o i l  of 
4280 .  The r a t ed  inductance of these  
c o i l s  i s  L = 0.8 henry; ohmic r e s i s t ance  

Schematic Layout of Trap 
Magnetic System. 

(a)  - Exit  H2; (b) - 
I n l e t  H 2  

a t  room temperature is  R3Oo = 11 ohm. 
They are loca ted  i n  hermetical ly  sea led  
housings 2 of s t a i n l e s s  s teel  with w a l l  
thickness of 2 mm. Between t h e  windings 

and housing w a l l s  t he re  is an insu la t ing  l aye r  3 designed t o  operate  a t  a 
vol tage  up t o  5 kV, and t e s t e d  a t  10 kV. 
switched on, s u b s t a n t i a l  forces  of a t t r a c t i o n  are generated (as w a s  demonstrat- 
ed by computations and s p e c i a l  experiments on models, t hese  forces  may be 
hundreds of kilonewtons i n  t h e  case of maximum a t t a i n a b l e  f i e l d s  and s m a l l  
i n t e r c o i l  d i s t ances ) ,  support c o l l a r s  4 made of s t a i n l e s s  steel wi th  8-mm 
wall-thickness are fastened t o  t h e  i n t e r n a l  faces  of t h e  c o i l  housings. 
tween t h e  c o l l a r s ,  a t  a diameter equal t o  average winding diameter, t he re  are 
four  pegs 5 15 mm in diameter. P a r t  of t he  load,  moreover, rests on cy l indr i -  
cal sleeves 6 put on over t i e  bo l t s .  
sleeve 6, w e  may vary the  d i s t ance  between c o i l s  -- i .e. ,  t r a p  length and 
mi r ro r  r e l a t ionsh ip .  
between winding ends -- 7.5 cm, and between c o i l  cen te r s  -- 29 cm. 
as t h e  i n s i d e  diameter of t he  tube on which the  c o i l s  are wound i s  4.5 cm,  
and d i s t ance  L 

c o i l  cen te r s  and is  about 27 cm,  we derive the  value 

Since,  when t h e  magnetic f i e l d  is 

Be- 

By changing t h e  length of pegs 5 and 

A t  p resent ,  t he  spacing between support  c o l l a r s  i s  5 cm, 
Inasmuch 

between t r a p  mirrors  i s  somewhat less than t h e  spacing between 0 

v = 3 ~ 5 .  io-' A3. 

f o r  t h e  plasma volume i n  the  t r ap .  

Coi l  arrangement i n s i d e  the  t r a p  vacuum j a c k e t ,  whose design w i l l  be 
b r i e f l y  described below, is c l e a r l y  seen i n  Figure 3. Coaxially fas tened to- 
ge the r  wi th  t i e  b o l t s ,  they are located on a s tand  of s t a i n l e s s  steel r i g i d l y  
connected t o  the  j acke t  w a l l .  
cen t imeters ,  thus permit t ing the  t r a p  ax i s  t o  be s h i f t e d  wi th in  the  necessary 
l i m i t s  w i th  respect  t o  t h e  ax i s  of the in j ec t ed  p a r t i c l e s .  

Stand height  may be regulated wi th in  several j 4 2 5  

The c o i l s ,  which, as mentioned above, are series-connected, are powered 
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through ca re fu l ly  insu la ted  lead-in wires, l a i d  i n  long German s i l v e r  tubes 
16 mm i n  diameter ca r r i ed  t o  the  outs ide of t he  t r a p  vacuum jacke t .  
cross  sec t ion  of t he  copper lead-in wires is  seve ra l  t i m e s  g r e a t e r  than t h a t  

The 

of t he  winding w i r e .  A very i n s i g n i f i -  
cant amount of hea t  i s  del ivered along 

evaporation of approximately 4 0 1 0 ' ~  kg 
of l i q u i d  hydrogen pe r  second. 
Figure 3,  t h e  tubes i n  which the  lead- 
i n  and connecting wires are l a i d  are 
e a s i l y  d is t inguishable ,  because they 

housings. 

b i t  t o  the  c o i l s ,  and corresponds t o  

I n  

I a re  l e d  out  onto the  faces  of t h e  c o i l  

The c o i l s  were r e f r i g e r a t e d  i n  
two s tages :  
ni t rogen,  and then t o  20.4'K by l i q u i d  
hydrogen. The l i q u i d  r e f r i g e r a n t s  
en te r  t h e  c o i l  housings from below 
through a German silver pipe which 
branches on t h e  bottom, pass  -- w h i l e  
vaporizing -- through an annular 
channel between c o i l  winding and hous- 
ing  s h e l l ,  and t h e i r  vapors (N ) are 

f i r s t  t o  78'K by l i q u i d  

2 
Figure 3 vented t o  t h e  outs ide  through a bu f fe r  

volume o r  (H,) are l e d  out  t o  a gas 
L General View of Vacuum Chamber 

and Coil  Arrangement. tank. When t h e  c o i l s  are completely 
r e f r ige ra t ed  t o  t h e  corresponding t e m -  

pera ture ,  l i q u i d  N2 o r  H2 f i l l s  both 

t h e  f r e e  volume of t he  c o i l s  and the buf fer  volume. I f  necessary,  they may be 
completelyevacuated through the  same tube used f o r  t he  i n l e t .  
l i q u i d  n i t rogen  and hydrogen needed t o  r e f r i g e r a t e  t h e  c o i l s  and t h e i r  casings 
i s  0.075 and 0.035 cubic meter, respect ively.  
determined from t h e  change i n  c o i l  ohmic r e s i s t ance  during continuous de l ivery ,  
f i r s t  of l i q u i d  n i t rogen ,  and then of l i qu id  hydrogen. Because of t he  g r e a t  
th ickness  of t he  c o i l s  and t h e  lack  of channels f o r  the  r e f r i g e r a n t  l i q u i d s ,  
t h i s  rate is low and averages about 30 deg/hr. It is g r a t i f y i n g  t h a t  i n  t h e  
working temperature range from 50 t o  20°K (Ref. 9), c o i l  r e f r i g e r a t i o n  takes  
p l ace  approximately two t i m e s  f a s t e r .  
t h e  r e p e t i t i o n  frequency of t he  working cur ren t  pulses  can be no less than two 
pe r  hour when t h e  maximum f i e l d  has been reached. 

The amount of 

Coi l  r e f r i g e r a t i n g  r a t e  w a s  

This means t h a t  under our condi t ions 

The ohmic r e s i s t ance  of a p a i r  of c o i l s  when they are completely r e f r i g e r  
a t e d  t o  hydrogen temperature is  0.21 ohm, i.e., 105 t i m e s  less than a t  room 
temperature.  
o rde r  of 10 m l  i n  the  t r a p  mirrors  is  only 50 kw. Busol e t  a l .  (Ref. 9) 
d i scuss  

Therefore,  t h e  i n i t i a l  power required t o  produce a f i e l d  of t h e  

these  matters i n  g rea t e r  d e t a i l .  

I f  the f i e l d  i n  the  center  of one c o i l  is  given, then the  f i e l d  i n  t h e  

4 



center  of t h e  t r a p  and, consequently, the mir ror  r e l a t ionsh ip  is determined 
by i n t e r - c o i l  d i s tance  h. 
puted from fami l i a r  formulas and i s  shown graphica l ly  i n  Figure 4 f o r  t h e  two 
cases of h = 5 cm and h = 7.5 cm. Distance from t r a p  cen ter  t o  e x t e r n a l  edge 
of t h e  c o i l s  i s  l a i d  off  on the  x-axis; on t h e  y-axis -- t he  t o t a l  f i e l d  B 
from t h e  two c o i l s  under the  condition t h a t  t h e  f i e l d  a t  t h e  center  of one 
c o i l  is exac t ly  10 m l .  From t h e  f i g u r e  it is  c l e a r  t h a t  i n  both cases t h e  
f i e l d s  i n  t h e  mirrors  d i f f e r  only in s ign i f i can t ly  from each o ther  and exceed 
the  f i e l d  a t  the center  of one c o i l  by only a few percent.  The d i f f e rence  i n  
values  of the  magnetic f i e l d  i n  t h e  system center  f o r  the  ind ica ted  values  of 
h is, however, more subs t an t i a l .  
cen ter  and of t he  mir ror  r e l a t ionsh ip  
ind ica t e  t h a t  a mirror  f i e l d  of B 

Bo = 7 m l  which i s  the  bas i s  of t h e  ca lcu la t ions  (Ref. 12) on plasma accumula- 

t i o n  i n  our t r a p ,  when h = 5 cm. 

F ie ld  d i s t r i b u t i o n  along t h e  system a x i s  w a s  com- 
/ 426  

The numerical values  of t h e  f i e l d  a t  t r a p  
for  both values  of h given i n  t h e  f igu re  

= 10.5 m l  must be produced t o  achieve t h e  
m 

Radial  d i s t r i b u t i o n  of the f i e l d  
i n  t h e  t r a p  median plane w a s  experi-  
mentally found and i s  given i n  Figure 5 
fo r  h = 7.5 cm. The values  p l o t t e d  on 
the  y-axis i n  t h i s  f i gu re  w e r e  obtained 
i n  experiments with unref r igera ted  
c o i l s  a t  a current  of I = 4.5 amp. Here, 
it w a s  important f o r  us t o  know pr inc i -  
p a l l y  t h e  value of AB by which t h e  f i e l d  
grows when radius  i s  reduced from 2.5 
cm t o  zero,  s ince  i t  i s  p rec i se ly  t h i s  
value which determines t h e  f r a c t i o n  
of p a r t i c l e s  which may be ionized 

i 

0 4 8 f2 I6 20 Z,C”(~]  

Figure 4 

F i e l d  Dis t r ibu t ion  Along d i r e c t l y  i n  the  t r a p  volume. The graph 
Trap Axis: shows t h a t  i n  the  given case 

I -- h = 5 cm, I1 -- h = 
= 7.5 cm. 

(a) - B, m l ;  (b) - Z ,  c m ;  
( c )  - Bm. 

A B  
Bo 
- z 7%.  

Trap  Vacuum Jacket and Evacuation 
Equipment. Magnetic system 1 of t h e  
GVL-2 t r a p  i s  loca ted  wi th in  a l a r g e  

vacuum chamber 2 ,  t he  design of which is apparent from t h e  diagram i n  Figure 6 
and t h e  photograph i n  Figure 3. 
1.8 m long with a diameter of 1.2 m. A second f ea tu re ,  both of t h e  vacuum 
chamber i t s e l f  and of t h e  e n t i r e  apparatus,  is  t h a t  ordinary vacuum rubber 
is  used t o  vacuum-seal a l l  separable  j o i n t s .  
s t a l l a t i o n s  designed t o  produce a super-high vacuum, our device cannot be 
heated t o  t h e  high temperatures (400 - 450OC) which are recommended i n  super- 
high-vacuum engineering. 

t h e  order  of 
vacuum chamber w a l l s  by copper screen 5 r e f r i g e r a t e d  t o  n i t rogen  temperature, 
and, secondly,  by t h e  very high evacuation rates which are e a s i l y  a t t a i n a b l e  
with hydrogen 4 and helium 3 condensation pumps. 

It i s  made of ordinary s o f t  s teel  and i s  

I n  con t r a s t  t o  most modem in- /427 

We plan,  however, t o  work i n  a pressure  region of 
2 

N/m . We do this ,  f i r s t ,  by almost complete screening of t he  

The e s s e n t i a l  f e a s i b i l i t y  of 

5 



Figure 5 

producing a vacuum of order  10-8-10-9 

N/m i n  a device with rubber seals is  
demonstrated i n  (Ref. 13). 

2 

For purposes of convenience i n  
i n s t a l l a t i o n  and mounting of c o i l s ,  t h e  
vacuum chamber, as shown i n  Figure 6 ,  
is made i n  th ree  separa te  sec t ions .  
length of t he  center  s ec t ion ,  i n  which 
the c o i l s  c r ea t ing  the  magnetic f i e l d  
a re  loca ted ,  i s  0.5 m; t he  length  of t h e  
s ide  sec t ions  i n  which t h e  hydrogen and 

The 

Radial  D i s t r ibu t ion  of Field helium condensation pumps are s i i u a t e d  
i n  Median Plane of Trap When is 0.4 m. Each s e c t i o n  and t h e  covers 
h = 7.5 cm. have copper screens independently re- 

f r ige ra t ed  by l i q u i d  ni t rogen.  They 
(a) - m l ;  (b) - R, cm. a r e  made s o  t h a t ,  when the  chamber is  

assembled, t hese  screens p a r t i a l l y  
over lap  each o the r  t o  prevent vapor of 
o i l ,  rubber, etc. from g e t t i n g  i n t o  t h e  
i n t e r i o r  cavi ty .  

The hydrogen condensation pump, 
whose purpose i s  p r inc ipa l ly  t o  pump 
out a l l  gases not  condensing at 78’K 
before  hydrogen is  l e t  i n t o  t h e  c o i l s ,  
is  made i n  t h e  shape of a copper p l a t e  
t o  which a copper tube 30 mm i n  diameter 
is welded f o r  thermal contact .  It is  
af f ixed  t o  t h e  l i q u i d  hydrogen tank 
having a capaci ty  of 0.025 cubic  meter, 
which is mounted i n  a s p e c i a l  f i t t i n g  
i n  t h e  top p a r t  of t he  sec t ion .  The 
t h e o r e t i c a l  rate of gaseous n i t rogen  
evacuation by t h i s  pump is approximate- 

Figure 6 

Diagram of Apparatus -- 
Cross Sect ion Along Vacuum 
Chamber Axis. 

(a) - To d i f f .  pump 

CJ 

l y  70 m3/sec. The need f o r  such a high 
evacuat ion rate i s  obvious, s ince  i n  unheated i n s t a l l a t i o n s  -- even when the re  
are no l eaks  a t  a l l  from without -- there  is  always a r e s idua l  gas inleakage 
because of molecule desorpt ion from the w a l l s .  I n  our case, when the  screen  
w a s  r e f r i g e r a t e d  t o  78’K t o t a l  inleakage w a s  appreciable  -- about 2.5. 
molecule/sec.  Simple ca lcu la t ions  show t h a t  even under these condi t ions 

equi l ibr ium pressure  i n  the  chamber w i l l  be about 1.10 
evacuat ion sur faces) .  

-7 2 N/m (disregarding 

The helium condensation pump is made i n  t h e  form of a f l a t ,  t i g h t l y -  

The purpose of 
wound s p i r a l  of copper tubing with an in s ide  diameter of 10 mm through which 
l i q u i d  helium i s  continuously pumped a t  reduced pressure.  
t h i s  pump i s  t o  evacuatethehydrogen enter ing t h e  chamber during operat ion of 
t h e  i o n  source and i n j e c t i o n  of the  beam of n e u t r a l  particles i n t o  t h e  t r ap .  

1428 
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The outs ide diameter of t he  s p i r a l  is 6 2  cm; t h e  i n s i d e  diameter is  about 10 cm. 

The e n t i r e  sur face  of t he  helium pump i s  thus approximately 0.6 m , i . e . ,  hy- 2 

3 drogen evacuation rate i s  about 260 m /sec. 
every H 

I f  i t  i s  assumed, however, t h a t  
molecule before  condensation co l l i des  a t  least  once with the  n i t rogen  

screen ,2 the  evacuation rate w i l l  be  approximately two t i m e s  less and w i l l  be  

about 130 m’/sec. 

The g rea t  volume of t h e  t r a p  vacuum jacke t  and the  immense hydrogen evacu- 
a t i o n  rate (which may e a s i l y  be increased by several f a c t o r s )  enable us t o  
d e f l e c t  t h e  unrecharged component of the ion  beam d i r e c t l y  i n  the  device,  as 
is  schematically shown i n  Figure 1, by somewhat shortening t h e  d is tance  from 
ion source t o  the  t r ap .  
hydrogen atom rapid ly  decreases w i t h  increased d is tance  from the  source (Ref. 
14 ) ,  t h i s  f a c t  may be e s s e n t i a l  i n  increasing t h e  por t ion  of n e u t r a l  par t ic les  
undergoing ion iza t ion  i n  the  working volume of t h e  t r ap .  

Since the  population of t he  exc i ted  l e v e l s  of t he  

By t h e  use of new da ta  (Ref. 15) on t h e  i n j e c t i o n  c o e f f i c i e n t  of 
hydrogen ions  i n t o  a heated s t a i n l e s s  steel t a r g e t ,  w e  may e a s i l y  demonstrate 
t h e  f a c t  t h a t  -- even with the  given arrangement of t he  t a r g e t  and helium pump 
-- an equi l ibr ium pressure on the  order of 10-7 N/m2 with an unrecharged ion  
beam cur ren t  of up t o  10 m a  may be  maintained i n  the  chamber. 

I n j e c t o r  of  Fast Neutral Hydrogen Atoms. Th.e Ion Source. To produce hy- 
drogen ion  beams, w e  use a source of the Ardennes type d i r e c t l y  a t tached t o  

t h e  recharging chamber. This means tha t  a mixed beam of hydrogen ions ,  con- 
+ 

2 3 t a in ing  H+ and H ions  i n  addi t ion  t o  protons, w i l l  proceed t o  the  recharging 

t a r g e t .  Therefore, t he  beams of neu t r a l  p a r t i c l e s  forming a f t e r  ion  over- 
charge w i l l  a l s o  cons i s t  of p a r t i c l e s  of a d i f f e r e n t  type. 
follows from (Ref. 16 ) ,  these  p a r t i c l e s  w i l l  be hydrogen atoms, but of d i f f e r -  

ing  energ ies  -- E, p, and T, where E is acce lera ted  ion  energy. 

periments,  i t  is 30 keV. It i s  known from the  l i t e r a t u r e  (Ref. 17) t h a t  t h e  
mass composition of t h e  ion  beam depends on t h e  operat ing condi t ions of t h e  
source,  and a regime may be chosen i n  which the  bulk of t he  beam ions w i l l  be 
protons.  
considerat ions.  As has been es tab l i shed  i n  (Ref. l ) ,  t h e  f r a c t i o n  of atoms 
undergoing ion iza t ion  i n  a powerful e l e c t r i c a l  o r  magnetic f i e l d  i s  very 
appreciably dependent on the  conditions under which they are formed. This 

Basical ly ,  as 

1 1 I n  our ex- 

I n  t h e  present  case, we did not seek such a regime f o r  t he  following 

f r a c t i o n  i s  g r e a t e r  i n  the  case where Ho atoms form during t h e  d i s soc ia t ion  off429 + + H, o r  H, i ons ,  than i n  t h e  case of s i m p l e  proton overcharge. I f ,  i n  addi t ion ,  
0 L 2 

w e  take  t h e  f a c t  i n t o  account t h a t  t he  f i e l d  of H atoms pe r  recharging H: o r  
+ 
3 H ions  is g r e a t e r  than un i ty ,  i t  thence follows t h a t  under t h e  given condi- 

t i o n s  -- notwithstanding the  lesser value of e f f e c t i v e  e l e c t r i c  f i e l d  E* = 

( V  X B( f o r  H 
0 atoms with energ ies  of 15 and 10 keV -- w e  can count on 
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considerably g rea t e r  ion capture e f f ic iency  i n  the  t r a p  than when a purely pro- 

of t h e  r e s u l t s  obtained under such conditions may be extremely d i f f i c u l t .  
Therefore,  i n  t he  main vers ion of the  apparatus,  provis ion i s  made f o r  t he  

ton beam is separated and recharged. We r e a l i z e ,  however, t h a t  i n t e r p r e t a t i o n  

p o s s i b i l i t y  of passing only one s o r t  of particle through the  t rap .  

Overcharge C%.amber. The accelerated beam of hydrogen ions is  recharged 
i n  a supersonic j e t  of carb in  dioxide. 
have s tudied  supersonic gas j e t s  discharging i n t o  a vacuum and condensing on 
sur faces  cooled t o  low-temperatures. They demonstrate t h a t  such t a r g e t - j e t s  
possess a number of advantages. The chief advantage is  the  low pressure  near  

t h e  t a r g e t  of optimum thickness  ( t o  1.10 N/m ) and t h e  convenience of working 
with such gases as CO 

A number of our papers (Ref. 18 - 20) 

-4 2 

A r ,  and N2.  2 ’  

S t r u c t u r a l l y ,  the  recharge chamber w a s  b u i l t  j u s t  as i n  (Ref. 18), with 
the  one d i f fe rence  being t h a t  shape and pos i t i on  of t he  condenser i n  r e l a t i o n  
t o  t h e  Lava1 nozzle w a s  changed. Here, t he  j e t  is  d i r ec t ed  from the  top down- 
wards, while i n  previous experiments i t  w a s  d i rec ted  from t h e  bottom upwards. 
This w a s  done i n  order  t o  prevent the  following phenomenon from a f fec t ing  t h e  
vacuum i n  t h e  recharge chamber: 
t i g h t l y  he ld  on the  condenser sur face ;  a t  t i m e s  it cracks and p a r t i a l l y  dus ts  
o f f .  
and d e t e r i o r a t e  the recharge chamber vacuum. 
i t ,  as has  been found, does not  e s s e n t i a l l y  a f f e c t  t h e  vacuum i n  the  recharge 
chamber. (Ref. 20) c l a r i f i e s  t h i s  matter i n  more d e t a i l .  

The layer  of s o l i d  condensate is  not  always 

Fa l l i ng  onto hot  sur faces ,  t h e  condensate c r y s t a l s  are quickly vaporized 
A s  f o r  t he  shape of t he  condenser, 

Beam Reception Ch.amber. Its design i n  the  present  vers ion of t h e  appara- 
t u s  i s  extremely simple, and i s  c l e a r  from Figure 1. It w a s  a l s o  made with 
allowance f o r  new d a t a  on the  coe f f i c i en t  of i n j e c t i o n  (Ref.E),and cons i s t s  of 
a heated t a r g e t  of s t a i n l e s s  s teel  and a s m a l l  condensation pump. 
assumed t h a t  a l a rge  p a r t  of the  beam of n e u t r a l  hydrogen atoms h i t t i n g  the  
t a r g e t  w i l l  pene t ra te  i n t o  i t  and w i l l  no longer inf luence the  process. 
same p a r t  of t he  hydrogen which leaves the  t a r g e t  must be evacuated by t h e  

3 condensation pump whose evacuation r a t e  i s  somewhat more than 10 m /sec. I f ,  
f o r  example, t he  equivalent  cur ren t  of n e u t r a l  p a r t i c l e s  t o  the t a r g e t  i s  l O m a  
and t h e  c o e f f i c i e n t  of ion i n j e c t i o n  i s  90%, then a t  the  ind ica ted  evacuation 

rate t h e  recept ion chamber equi l ibr ium pressure w i l l  be about 2 
(under t h e  condi t ion,  of course,  t h a t  hydrogen vapor pressure a t  t h e  condensa- / 4 3 0  
t i o n  temperature is  lower than t h i s  value).  
t h a t  w e  need not  str ive f o r  such a low pressure i n  a recept ion chamber having 
t h e  given geometry (diameter of r e f r ige ra t ed  channel -- 5 cm,  length of t h i s  
channel -- 20 cm, d i s tance  t o  center  of t r a p  -- 80 cm), s ince  even a t  a pres- 

2 s u r e  of 6010-~ N/m t h e  equivalent  pressure i n  t h e  t r a p  center, corresponding 
t o  t h e  forward stream of hydrogen molecules from t h e  recept ion chamber, i s  

lower than  N/m . 

It is 

The 

N/m2 

It may be r ead i ly  shown, however, 

2 

I n  conclusion, w e  would l i k e  t o  note  t h a t  f i n a l  tests of a l l  u n i t s  of t h e  
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t r a p  have not  y e t  been f in i shed ,  b u t  preliminary experiments have yielded 
q u i t e  encouraging r e s u l t s .  

without turning on the  helium condensation pump, a vacuum of under 10 
has been achieved i n  the  vacuum chamber. The chief d i f f i c u l t y  encountered i n  
t h e  f i r s t  s t age  of these  operat ions has  been i n  el iminat ing t h e  so-called 
"cold" leakages -- leakages appearing when l i q u i d  n i t rogen ,  hydrogen, o r  
helium are l e t  i n t o  c o i l s  o r  o ther  vessels  which have been vacuumized. 

Thus, without prolonged preliminary processing and 
-6 2 

N/m 
I 

l a  

I Experiments t o  check the  operat ion of t he  t r a p  magnetic system have s o  
f a r  been conducted only with t h e  capaci tor  ba t t e ry  whose parameters w e r e  indi-  
cated i n  t h e  introduct ion.  I n  the f i r s t  experiments t h e  c o i l s  w e r e  r e f r ige r -  
a ted  t o  t h e  n i t rogen  temperature, and i n  t h e  subsequent ones -- t o  t he  hydro- 
gen temperature. The m a x i m u m  f i e l d  i n  the  t r a p  mirrors ,  obtained a t  a temper- 
a t u r e  of 20.4'K and capaci tor  b a t t e r y  vol tage of 5 kV, i s  around 10.5 m l  -- 
i .e. ,  very c lose  t o  the  computed value. Current rise t i m e  from zero t o  I 

w a s  about 0.28 sec. I n  fu r the r  experiments, t he  c o i l s  w i l l  be  powered i n  
accordance with the  c i r c u i t  described i n  (Ref. 9).  

max 

REFERENCES 

1. 

2.  
3. 

4. 

5. 

6. 

7. 

8. 

9. 

I 10. 
11. 

12. 

13. 
I 

14. 
15. 

Riv iere ,  A. C., Sweetman, D ,  R. F i f th  I n t .  Conf. on Ioniza t ion  Phenomena 

Sweetman, D. R. Nucl. Fusion Suppl., 1, 279, 1962. 
Borovik, Y e .  S . ,  Busol, F. I., Kovalenko, V. A. V kn: F iz ika  plazmy i 

problemy upravlyayemogo termoyadernogo s i n t e z a  (In:  Plasma Physics and 
Problems i n  Control lable  Thermonuclear Fusion), I ssue  1. Izda te l ' s tvo  
AN USSR, Kiev, 1962. 

Kaplan, S .  N., Paul ikas ,  G. A , ,  Pyle, R. V. Phys. Rev. Letters,  9 ,  347, 
1962. 

Borovik, Y e .  S . ,  Busol, F. I., Grishin,  S .  F. Zhurnal Tekhnicheskoy 
F i z i k i ,  31, 459, 1961. 

Borovik, Y e .  S . ,  L i m a r ' ,  A. G. Zhurnal Tekhnicheskoy F i z i k i ,  31, 939, 
1961. 

Borovik, Y e .  S . ,  L i m a r ' ,  A. G. Zhurnal Tekhnicheskoy F i z i k i ,  32, 442, 
1962. 

L i m a r ' ,  A. G . ,  Litvinenko, Yu. A. Zhurnal Tekhnicheskoy F iz ik i ,  34,344, 
1964. 

Busol, F. I., Kovalenko, V. A . ,  Skibenko, Y e .  I., Yuferov, V. B. I n  the  
present  co l l ec t ion ,  477. 

Kurchatov, I. V. Atomnaya Energiya, 5, 105, 1958. 
Pos t ,  R. F. Proc. of t he  Fourth In t .  Conf. on Ioniza t ion  Phenomena i n  

Gases. Uppsala, Vol. 11, August 17 - 21,  1959, N. R. Nilson, ed., 
North-Holland Publ. Co., Amsterdam, 987, 1960. 

t i o n ,  431. 

imenta, 1, 11, 1960. 

i n  Gases, Munich, August 28 - September 1, 1961 (prepr n t ) .  

Borovik, Y e .  S. ,  Busol, F. I., Sinel'nikov, K. D. I n  the present  col lec-  /431 

Borovik, Y e .  S . ,  Grishin,  S .  F., Lazarev, B. G. Pribory i Tekhnika Eksper- 

Hiskes,  J. R. Nuclear Fusion, 2,  39, 1962. 
Borovik, Y e .  S., Katr ich,  N. P . ,  Nikolayev, G. T. I n  t h e  present  col lec-  

t i o n ,  465. 

9 



NASA TT J?-10,754 

16. Fedorchenko, N .  V. Zhurnal Tekhnicheskoy Fiziki, 24, 769, 1954. 
17. Moak, C. D., Banta, H. E., Thurston, J. N., Johnson, J. W., King. R. F. 

18. Borovik, Ye. S . ,  Busol, F. I., Yuferov, V. B., Skibenko, Ye. I. Zhurnal 
* Rev. Sci. Instr,, 30, 694, 1959. 

I 19. Borovik, Ye. S., Busol, F. I., Yuferov, V. B. V kn: Fizika plazma i 
Tekhnicheskoy Fiziki, 33, 973, 1963. 

problemy upravlyayemogo termoyadernogo sinteza (In: 
Problems in Thermonuclear Fusion), Issue 3. 
Kiev, 1963. 

473. 

Plasma Physics and 
Izdatel'stvo AN USSR, 

20. Busol, F. I., Yuferov, V. B., Skibenko, Ye. I. In the present collection, 

S c i e n t i f i c  Translation Service 
4849 Tocaloma Lane 
La Canada, California 

10 


